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Ultrafast modulation of semiconductor lasers through a terahertz field
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We demonstrate, by means of numerical simulation, an interesting mechanism to modulate and
switch semiconductor lasers at THz and sub-THz frequency rates. A sinusoidal terahertz field
applied to a semiconductor laser heats the electron-hole plasma and consequently modifies the
optical susceptibility. This allows an almost linear modulation of the output power of the
semiconductor laser and leads to a faithful reproduction of the terahertz-field waveform in the
emitted laser intensity. €999 American Institute of Physids$S0003-695(99)04330-2

Semiconductor laser modulation and switching via thetinuous TDF can induce a modulated power output from a
pumping current at gigahert@GGHz) rates is based on the semiconductor laser with a temporal modulation that faith-
so-called relaxation oscillatioh? Physically, relaxation os- fully follows the driving field. We consider a standard edge-
cillation describes the periodic energy exchange between themitting semiconductor laser with a QW active medium. In
laser field and semiconductor, which is an interband procesaddition to a standard QW edge-emitting laser geometry, a
dominated by stimulated electron-hole pair recombinationd DF is applied such that the polarization is in the plane of
at high pumping level and occurs on a nanosecond tim&@W layer. Such a TDF can be applied from a free-space THz
scale. For many applications, modulation and switching asource or by integrating the laser with a photoconductor and
higher rates is highly desirable. While improvements inTHz transmission structure. Our theoretical approach starts
modulation speed due to quantum wé@W) structure de- Wwith the following equation for the carrier distribution func-
signs and other means have been quite impressive, furth&en ny
improvements beyond tens of GHz seem to be more difficult.

The fundamental limit is placed by the slow interband carrier d o I any
dynamics. While current modulation has the unique property | 5t +eFrp(t.r) - Vi N T ot It

. . . c—ph
that allows direct and simple modulation, other means to
modulate and switch a diode laser at higher rates are under any any
intensive investigation. Notable examples are switching due + ot + T @
to nonequilibrium carrier dynamics under femtosecond opti- st rest

i 35

cal excitatiorr where a=e(+k),h(—k) for electrons and holes, respec-

_In this letter, we report an alternative scheme for moduyjyely, andFy,, is the THz field. The first two terms in the
lating and switching semiconductor lasers by employingright hand side of Eq(1) represent carrier-carriéc-c) and
terahertz(THz) fr_equency eIectr_lc f|elds_. Recent years ha"_ecarrier-phonon(c-ph) scattering, while the third term ac-
seen a surge of interest on the interaction of THz waves withonts for stimulated recombination and the last term for
QWs, and THz-field generation by sem_lconductor hetero-pumping and other decay processes. We note that the TDF
structures. Moreovgr, our resgarch is motivated by an experjreates highly anisotropic carrier distributionsy (# ny )
mental demo_n_stratl_on of heating of an electron gas by aIOpIy\7vhich must be solved for on a two-dimensional mestykof
ng a .THZ driving field(henceforth denoted by TD The . points. Though a self-consistent many-body calculation of
experiment demonstrated that even under strong THz |rrad|§

. S . uch anisotropic scattering terms is feasible, it involves a
tion, the electron gas maintains essentially a heated, therm ignificant computational effort, and thus we restrict our-
ized form. Subsequent theoretllcal W'o7rT<QSShowed that thg _selves to the standard relaxation-rate approximations for both
heated plasma has an almost sinusoidal temperature variatigR 4« «_c and c-ph scattering in this letter. The relaxation
with time with a frequency given by twice that of the TDF. 0 inverse of the relaxation rateare chosen as 100 fs
Additionally, the assomf'ated gain gnd refractive index changef:Or c-c and 600 fs for c-ph scattering for the 30 K simulations
due to the plasma heating effect induced by a half-cycle THZ 4 50 and 300 fs, respectively, for the 300 K simulation.
field can also lead to efficient transient optical moduIationMany_body interactions are not considered in this letter and
and may form the basis for an ultrahigh-speed all-opticalg re|ated effects will be discussed in a more detailed inves-
switch. , _ tigation. For this letter, the THz waveform is assumed to be

The purpose of this work is to demonstrate that a congjnsoidal. The results, however, carry over to more general
temporal waveforms that may be of interest for switching
dElectronic mail: cning@nas.nasa.gov and modulation with a signal field.

0003-6951/99/75(4)/442/3/$15.00 442 © 1999 American Institute of Physics



Appl. Phys. Lett., Vol. 75, No. 4, 26 July 1999 Ning, Hughes, and Citrin 443

For the description of the semiconductor laser, we em- 360

ploy a well-tested rate-equation model except we add addi- < 340

tional terms for the TDF-induced plasma-heating effects. g 320

Under the rate-equation approximation, which essentially s

amounts to ignoring the polarization dynamics of the me- g 300 :

dium, the basic equations take the form: =300 NN NN AT
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FIG. 1. Plasma temperature oscillation by means of a terahertz driving field.

: . (a) Lattice temperature is 300 K and the field amplitude is 5 KV/¢h).
where the Symb0|s have their usual meaningsw, andI Lattice temperature is 30 K and field amplitude values: 2.5 k\/{cimtles

are the pumping current, active medium thickness, and thgng 5.0 kvicm(dashed lines The solid line is fitting as explained in the
confinement factork, nq, ande, are the optical wave vec- text.
tor, group index, and background dielectric constarig the
cavity relaxation constank is the slowly varying amplitude  symption is that carriers after accelerating will thermalize
of the laser field, anmfZEkn,f/V is the carrier density for _quickly through c-c and c-ph scattering and a well-defined
electrons and holes which are assumed the same. The optiGg{nperature will oscillate with the TDF. This is a valid as-
susceptibility, {(OZX’“X"* can be written as(linear  gymption due to the subpicosecond scattering processes and
approximatiof: is also established experimentally in Ref. 6.
ax ox Figure 1 shows typical examples of the temperature evo-
x(N,T)=x(Ng,To) + m(N—NO)‘F ﬁ(T—TO). (4) lution by application of TDFs with an amplitude of 2.5
kV/cm [circles in Fig. 1b)] and 5.0 kV/cm[Fig. 1(a), and
We assume that the effects of the constg(lN,,T,) are  dashed lines in Fig. (b)]. We see that after a rapid initial
absorbed into the cavity decay constanfThe above expres- temperature increase from the lattice temperaf8@® K in
sion can subsequently be cast into the following form by(@ and 30 K in(b)], the plasma temperature is stabilized
introducing the density and temperatwd’actors?-o within ~1 ps to a sinusoidal form. The time dependence of
. ) ] ) the temperature as a solution of the Boltzmann equation after
x(N,T)=—ian(N- No)(l_'aN)_'aT(T_To)(l_'“T)(-S) the initial transients can be fitted to the form:

A few words about the model are in order. To start from T=To(Frnz) + Tam(Fruz) cog4mvot + o), (6)
a more fundamental level, we need to solve the Boltzmanmvherer is the frequency of the TDF. As shown by the solid
equations coupled to the optical field and TDF as well as tdine in Fig. 1, the fitting is almost indistinguishable from the
the optical polarization. This would correspond to the semi-actual data. Similar behavior for a stronger fiel,€5.0
conductor Bloch equationSBE9*! with an additional THz  kV/cm) is depicted by the dashed curve. This time depen-
field. The coupling of such SBEs with the wave equation fordence of the plasma temperature is consistent with those seen
the optical field will offer a more complete framework for in another theoretical work.The T, and T,,, values are
studying the interplay between the TDF, optical field, chargesimilar to those measured experimentally and calculated
carriers, and phonons in a semiconductor. For lasers, a sythieoretically.
tematic approximation along the line of moment equations In the following, we assume that the time dependence of
would be more feasible. the plasma temperature is given by EE). To study the

Our present approach, represented mainly by E2s. effects of the time-dependent plasma temperature, we solve
and(3) can be justified in the following way. First, we ignore Eqgs.(2) and(3) numerically for a typical edge emitting diode
the heating effect due to stimulated emission of optical photaser. As a first example, we consider a laser of 200 in
tons, as this heating is much less important for lasers slightljength with cleaved facets at both ends. The power reflectiv-
above threshold than heating due to the TDF. This allows #y is assumed to be 35% for both facets. The active region
simplification of the coupling between the heating and lasingconsists of three QWSs of 10 nm in width. The values of the
processes; heating due to the THz field will influence lasinggy and a1, taken from Ref. 10, are 3 and 2, respectively,
but notvice versa Under this approximation, the set of mo- which are typical values for infrared quantum well lasers.
ment equations will be reduced to Eq®) and (3) if we  The value of the differential gaiay, 5x 10” °cn?, is taken
further assume that the relaxation of the average momentufnom page 222 of Ref. 11, whila;, computed from the
and energy is much faster than the relaxation of the totamicroscopic theory is 10.8/cmK. In all our following ex-
carrier density and laser field. Due to this simplification, weamples, we use the values =130 K andT,,,=40 K.
can solve Eq(1) for a given carrier density separately. The These parameters correspond to temperature oscillations at
resulting distribution will be fitted to a Fermi function which 30 K. We point out, however, that temperature modulation of
thus determines the plasma temperature at a given densityore than 40 K in Fig. (&) at room temperature can lead to
under the influence of the THz field. Such a calculation al-a gain modulation of about 500 1/cm. This much of gain
lows us to obtain the temporal variation of the plasma temimodulation can induce quite deep laser modulation under
perature on the time scale of the TDF. The underlying asproper dc bias. The basic mechanism demonstrated in this
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FIG. 2. Laser intensitysolid lineg and carrier densitydashed linesvs FIG. 3. As in Fig. 2 but with a field frequency ¢) 5 GHz and(b) 25 GHz.
time in the presence of a terahertz driving field of frequefayp0 GHz and
(b) 500 GHz. modulate and switch semiconductor lasers at THz and sub-
THz frequency rates. This is possible by circumventing the
letter therefore should not be limited to a particular temperatSual slow interband carrier dynamics. We show that under a
ture range. Figure 2 shows the laser intengiglid liney ~ Sinusoidal TDF, the tempor.al pattern of the electrical field
and carrier densitydashed linesfor two cases. In Fig.@),  ¢an be converted to a similar, quite regular pattern of the
Fru, is modulated at 50 GHz, while the corresponding fre-laser intensity. This faithful representation of the sinusoidal
quency of the laser intensity is 100 GHz. We recognize froml HZ field by a laser intensity pattern in the visible or infrared
the figure that there is a regular sinusoidal oscillation with lomain may offer an alternative way of measuring high-
deep modulation, while the carrier density shows only afféquency alternating electrical fields. For lower-frequency
slight wiggle. In Fig. 2b), the frequency is increased to 0.5 oscillation, the same arrangement can lead to an almost
THz. The intensity yields the same regular oscillation, but!00% modulation and even on-off switching behavior. This
the modulation depth is significantly smaller than in Fig.could be useful for switching semiconductor lasers. Cur-
2(a); additionally, the carrier density is now a constant over'€ntly, we are conducting a more detailed study using the
many oscillation cycles, indicating that the slow interbandMoment equations mentioned above.
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